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Highilights 
 Neodymium is stable at the uranium sublattice in U3Si2 
 In U3Si2, Nd diffuses mainly by the uranium vacancy-assisted diffusion mechanism  
 The Nd diffusion in U3Si2 is isotropic 
 The slow Nd diffusion makes it a promising burnup indicator candidate for U3Si2 fuel 
 
Abstract 
Uranium silicide, U3Si2, is considered as an advanced nuclear fuel for commercial light water 
reactors with improved accident tolerance as well as competitive economics. Nd is employed as a 
local burnup indicator for conventional oxide fuels due, among other reasons, to its low mobility in 
the UO2 fuel matrix and its high fission product yield. As part of the studies necessary to determine 
whether Nd can be considered as a candidate burnup indicator in the U3Si2 concept fuel, we 
investigate the mobility of Nd in U3Si2. In this work, density functional theory (DFT) calculations 
are performed to predict the most stable accommodation sites of Nd in U3Si2, found to be within the 
uranium sublattice. Based on DFT calculations of binding energies and migration activation 
energies, we investigate Nd diffusion by computing the transport coefficients within the framework 
of the self-consistent mean-field method. Our calculations predict that the diffusion ratio of Nd to U 
is smaller in U3Si2 than in UO2. Moreover, at the individual maximum centerline temperature of the 
fuel, the diffusion of Nd in U3Si2 is much slower than in UO2. From this perspective, Nd represents 
a good candidate burnup indicator, in similarity to that in UO2. 
 




Quantification of fission products is one of the methods used to evaluate the fuel consumption in a 
nuclear reactor, commonly known as burnup. A well-established method for the determination of 
burnup is the fission product monitoring method [1]. In this method, a suitable fission product 
isotope is selected, and its concentration is measured during post-irradiation examination (PIE) and 
then correlated with residual uranium and plutonium. The isotopes to serve as burnup indicators 
         
should satisfy certain requirements such as: being long-lived or stable, having very little mobility in 
the irradiated fuel matrix, a high and constant fission yield, and negligible transmutation rates by n- 
and γ-reactions [2]. 
148
Nd satisfies most of these requirements [3,4] and is well accepted as a burnup 
indicator for uranium oxide fuels since the issue of ASTM-E321 [5]. It is worth noting that, unlike 
other requirements related to the intrinsic properties of the isotopes, the diffusion behavior of 
atomic species in crystalline materials is strongly dependent on the crystal structure. The mobility 
of Nd in a fuel matrix with a different crystal structure and atomic configurations could thus differ 
substantially. Therefore, to employ Nd as a burnup indicator for other types of fuel, its mobility 
must be studied. 
 
Advanced nuclear fuel concepts are being investigated for use in light water reactors in order to 
improve fuel performance, economics, and safety. U3Si2 is a well-studied example and one of the 
most promising accident-tolerant fuel candidates for commercial LWRs [6] with both a wide variety 
of experimental and modeling investigations undertaken. Unlike the conventional fuel system, UO2 
that has a cubic fluorite crystal structure, the U3Si2 crystal structure is tetragonal with the space 
group P4/mbm. Many crucial properties of U3Si2, such as thermal conductivity, thermal expansion, 
mechanical properties, and phase stability have been successfully determined and are impacted by 
the anisotropic structure of the material [7–15]. Recently, self-diffusion and fission gas diffusion in 
U3Si2 under thermal conditions were investigated by Andersson et. al. [16,17]. U and Si self-
diffusion, as well as Xe diffusion, are predicted to be faster in U3Si2 than U self-diffusion and Xe 
diffusion in UO2. However, to our knowledge, there is no study yet on diffusion of solid fission 
products (such as Nd and other elements) in U3Si2. 
 
Diffusion behaviors could be studied using well-established laboratory technologies or state-of-the-
art first-principle calculations. However, there is no general rule for assessing whether the 
diffusivity is low or high in absolute terms. Since Nd is widely used as a burnup indicator for UO2 
and its mobility is therefore low enough, we take the mobility of Nd in UO2 as a reference. The 
direct comparison of Nd diffusion coefficients in different crystal structures is, however, of little 
value. Instead, we can compare the diffusion length scale over a given time in U3Si2 and in UO2 at 
their respective operating temperatures. Moreover, we can define a ratio of interest, which is the Nd 
diffusion coefficient over U self-diffusion coefficient to determine the Nd diffusivity with respect to 
the host atoms and compare this ratio in U3Si2 to that in UO2. Previous work [18,19] demonstrated 




 times faster than U self-diffusion. This means that the study of 
diffusion behaviors is not sufficient since, in addition to bulk diffusivity, Nd in the bulk can also 
         
form precipitates, interact with dislocations or other traps, be involved in fission spikes, etc. 
Nevertheless, computing the diffusion coefficient can provide a first-approximation criterion to 
evaluate the mobility of Nd and its potential use as a burnup indicator. 
 
In the present work, we study the stability and thermal diffusion of Nd in U3Si2 by combining 
density functional theory calculations, with a Hubbard correction (DFT+U), and the self-consistent 
mean field method [20] implemented in the KineCluE code [21]. The Nd diffusion length scale at 
relevant LWRs operating temperature is calculated. The diffusivity is analyzed and evaluated in 
relation to self-diffusion in U3Si2 and diffusion of Nd in UO2. The aim of this work is to determine 
whether the thermal diffusion of Nd in U3Si2 is as low as in UO2, so that Nd can be considered as a 
candidate local burnup indicator for U3Si2, in a general effort of assessing the fuel performance of 
U3Si2. The methods and results presented here may also be useful for further studies on fission 
products behavior in U3Si2. 
 
2. Theory and methodology 
2.1 Equilibrium point-defect concentration and Nd accommodation 
As shown in Fig. 1 (a), the U3Si2 crystal structure has two symmetry-unique uranium sites, the U1 
site with Wyckoff position 2a and the U2 site with Wyckoff position 4h, and one silicon site with 
Wyckoff position 4g. Interstitial positions with Wyckoff positions 2b, 2c, 2d, 4e, 4f, 4g, 4h, 8i, 8j, 
and 8k are illustrated in Fig. 1.(b). Si at 2b, with fractional coordinates (0.0, 0.0, 0.5) in the 
reference frame of the unit cell, was found to be the lowest-energy Si interstitial defect structure 
[13]. U at an 8j site with coordinates (0.90, 0.95, 0.5), pushing away the two neighboring atoms and 
forming a delocalized split structure involving 3 atoms asymmetrically occupying 2 sites, is the 
lowest energy structure for U interstitials, see Fig. A. 1 (e).  The following intrinsic point defects 
(i.e., in pure U3Si2) are therefore considered: U1, U2, and Si vacancies, U (0.90, 0.95, 0.5) 
interstitials, and Si (0.0, 0.0, 0.5) interstitials. Note that the U (0.611, 0.111, 0.5) interstitial selected 
in previous DFT studies [13,16,17] is predicted to be less stable than the U (0.90, 0.95, 0.5) 
interstitial position considered in this work (the formation energy of the former being 2.5 eV higher 
than the latter according to our DFT calculations). 
         
 
Fig. 1. The crystal structure of the U3Si2 unit cell (a=b≠c, space group P4/mbm). The uranium and silicon atoms are 
shown as gray and blue, respectively. (a) shows U1 at 2a (0, 0, 0), U2 at 4h (0.181, 0.681, 0.5), and Si at 4g (0.611, 
0.111, 0); (b) illustrates interstitial positions by smaller spheres. 
 
Diffusion of substitutional Nd atoms is enabled by point defects (either vacancies or self-interstitial 
atoms). Interstitial Nd atoms can diffuse independently of defects to neighboring interstitial sites. 
Consequently, the vacancy and interstitial defect concentrations in U3Si2 are needed in order to 
compute the U and Si self-diffusion coefficients, which are used in turn to evaluate the mobility of 
Nd in U3Si2. The equilibrium point-defect concentrations depend on the Gibbs formation energy 
GD.f, which is calculated by means of ab initio calculations from the defect formation enthalpy and 





𝑖                                            (1) 
where Htot is the total enthalpy, and superscripts D and 0 represent the supercell with and without 
defect, respectively. µi is the chemical potential of species i (U or Si). ∆Ni is the number of atoms of 
the species i that are added (∆Ni > 0) or removed (∆Ni < 0) from the perfect supercell to create the 
defect, and the sum runs over all added and removed species. We approximate the chemical 
potentials µU and µSi by assuming equilibrium between two adjacent phases in the phase diagram, 
with the generic nomenclature UaSib and UcSid and solving the following equations [16,17]: 
𝐸(𝑈𝑎𝑆𝑖𝑏) = 𝑎𝜇𝑈 + 𝑏𝜇𝑆𝑖                                                  (2) 
𝐸(𝑈𝑐𝑆𝑖𝑑) = 𝑐𝜇𝑈 + 𝑑𝜇𝑆𝑖                                                  (3) 
 
The defect formation entropy can be calculated with the approach of Mishin et al. [22] which relates 
point-defect entropies with lattice vibrations in the harmonic approximation: 










) ∓ 𝑠𝑖                                        (4) 
where νn are the lattice vibrational frequencies (collected in Table A.1), N±1 and N are the number 
of atoms of the perfect supercell with and without defect (plus for interstitial and minus for 
vacancy), respectively. si is the entropy of either U or Si calculated from: 
𝑁
𝑁−1
𝑆(𝑈𝑎𝑆𝑖𝑏) = 𝑎𝑠𝑈 + 𝑏𝑠𝑆𝑖                                                  (5) 
𝑁
𝑁−1
𝑆(𝑈𝑐𝑆𝑖𝑑) = 𝑐𝑠𝑈 + 𝑑𝑠𝑆𝑖                                                  (6) 
where N is the number of atoms in the cells used to describe the adjacent UaSib and UcSid phases. 
Three different atomic environments are used to calculate the chemical potentials: Si-rich, U-rich, 
and perfect stoichiometry. For Si-rich conditions, we assume U3Si2 is in equilibrium with USi. The 
obtained chemical potentials are applied to the system with either a U vacancy or a Si interstitial. 
For U-rich conditions, U3Si2 is in equilibrium with U3Si. The obtained chemical potentials are 
applied to the system with the supercell with either a Si vacancy or a U interstitial. For perfect 
stoichiometry, chemical potentials are calculated by assuming the equilibrium between USi and 
U3Si. Entropies of U3Si2, USi, and U3Si are calculated using Eq. A (2). 
 
The defect concentrations are expressed as number of defects per substitutional site, so as to make 
sure that the two types of concentrations (vacancy and interstitial) are comparable. In the primitive 
unit cell, there are 10 substitutional sites (2 U1, 4 U2, and 4 Si) and 10 interstitial sites (8 equivalent 
8j sites and 2 equivalent 2b sites). The U and Si vacancy concentrations are thus expressed as 




















)                                                                (8) 
respectively, where T is the temperature and kB the Boltzmann constant. Similarly, the U (8j) and Si 















)                                                             (10) 
 
The Nd accommodation in U3Si2 can be investigated by computing the incorporation energy Einc 
and solution energy Esol. The former indicates the possibility to accommodate Nd in a pre-existing 
vacancy caused by neutron irradiation and can be expressed as: 
         
𝐸𝑖𝑛𝑐 = 𝐸𝑡𝑜𝑡
𝑁𝑑+𝑣𝑎𝑐 − 𝐸𝑡𝑜𝑡
𝑣𝑎𝑐 − 𝜇𝑁𝑑                                                          (11) 
where 𝐸𝑡𝑜𝑡
𝑁𝑑+𝑣𝑎𝑐 represents the total energy of the supercell with a Nd solute and a vacancy, 𝐸𝑡𝑜𝑡
𝑣𝑎𝑐 
that of a supercell with one vacancy only, and µNd the chemical potential of Nd which is derived 
from the equation: 
𝐸(𝑁𝑑𝑆𝑖) = 𝜇𝑁𝑑 + 𝜇𝑆𝑖                                                               (12) 
where E(NdSi) is the total energy of NdSi, i.e., the phase which would form if enough Nd were 
present [23]. A negative Einc thus indicates that the incorporation of a Nd atom in a pre-existing 
vacancy is energetically favorable. On the other hand, the solution energy is calculated as the sum 
of the vacancy formation energy and the incorporation energy of the solute in this vacancy: 
𝐸𝑠𝑜𝑙 = 𝐸𝑣𝑎𝑐.𝑓 + 𝐸𝑖𝑛𝑐                                                               (13) 
and reflects the most likely accommodation site for a solute when no defects are already present in 
the lattice. 
 
2.2 Diffusion and transport coefficients 
The self-consistent mean field (SCMF) theory [20], as implemented in the KineCluE code [21] is an 
analytical statistical-physics framework that allows for the calculation of transport coefficients at 
equilibrium, based on the knowledge of atomic jump rates. In this model, the presence of 
thermodynamic driving forces, e.g., chemical potential gradients (CPG), causes a perturbation of 
the equilibrium configuration and produces atomic and defect fluxes. The transport coefficients 
reflect the kinetic response of the system to the driving forces. The Onsager matrix allows for the 
analysis of flux coupling between different species (vacancies V and solutes S) and its components 
Lij are defined as: 
𝐽𝑖 = −∑ 𝐿𝑖𝑗𝑗
𝛻𝜇𝑗
𝑘𝐵𝑇
                                                       (14) 
The matrix is perfectly symmetric as long as microscopic detailed-balance conditions are fulfilled. 
KineCluE ensures that such conditions are fulfilled at all times for transport-coefficient calculations 
[21]. In Eq. (14), Ji denotes the atomic flux of species i and ∇µj the CPG of each species j. In our 
case, the transport coefficients for vacancy-assisted diffusion are 𝐿𝑉𝑉
𝑣𝑎𝑐, 𝐿𝑆𝑉
𝑣𝑎𝑐 = 𝐿𝑉𝑆
𝑣𝑎𝑐  and 𝐿𝑆𝑆
𝑣𝑎𝑐 . The 
off-diagonal coefficients 𝐿𝑆𝑉
𝑣𝑎𝑐
 and  𝐿𝑉𝑆
𝑣𝑎𝑐 describe the flux of one chemical species induced by forces 
acting on other species (either vacancies or solute), allowing therefore for an accurate analysis of 
the flux-coupling tendency and the mutual directions of the two fluxes. For interstitial diffusion, the 
independent transport coefficient is 𝐿𝑠𝑠
𝑖𝑛𝑡𝑒𝑟. Our interstitial transport coefficient calculation is valid 
as long as possible correlation effects between interstitial solutes and vacancies or other species are 
negligible. This would not hold in the presence of solute interstitial-vacancy binding interactions, in 
which case a cross-term 𝐿𝑉𝑠
𝑖𝑛𝑡𝑒𝑟 would be involved; this is the case for instance for foreign impurities 
         
(C, N, O) in Fe alloys [24]. Further studies will be needed to evaluate the effect of such possible 
correlations. 
 
Under the assumption that cross terms can be neglected, and in the dilute-limit approximation, the 
tracer diffusion coefficient of a solute that migrates through mechanism δ (δ = vac for the vacancy-







                                                              (15) 
where CS is the solute concentration, and Pδ the probability of the configuration that allows for the 
migration of solute through the mechanism δ. For the vacancy mechanism, the probability (under 
certain assumptions) can be approximated as: 
𝑃𝑣𝑎𝑐 = [𝑉]𝐶𝑆𝑍𝑉𝑆                                                      (16) 
where [V] is the probability of forming a vacancy (i.e., the vacancy concentration), and ZVS the 





(index i marks all the possible configurations of the vacancy-solute pair). Eb is the vacancy-solute 





0                                                 (17) 
The terms in Eq. (17) are in turn the total energy of the supercell with a single vacancy, a single 
solute, a vacancy-solute pair, and the perfect supercell. Positive binding energies stand for attraction 
between the two defects, and negative binding energies stand for repulsion.  
 
For the simple interstitial mechanism, the solute is the interstitial defect and has a probability equal 




𝑖𝑛𝑡𝑒𝑟 corresponding to the distinct diffusion mechanisms, 




𝑖𝑛𝑡𝑒𝑟, can be 
obtained by specifying a host atom as self-tracer S´ and computed by a similar methodology as the 
solute tracer diffusion coefficient. Note that, for Si or U self-tracer, the probability of being in an 
interstitial position is equal to the interstitial concentration [𝐼𝑆𝑖] or [𝐼𝑈], thus 𝑃´𝑖𝑛𝑡𝑒𝑟 = [𝐼]𝐶𝑆´ (where 
𝐶𝑆´ stands in this case for an arbitrary self-tracer concentration). 
 
The flux-coupling character of the vacancy-assisted diffusion can be analyzed by computing the 
drag ratio 𝐺 = 𝐿𝑉𝑆
𝑣𝑎𝑐 𝐿𝑆𝑆
𝑣𝑎𝑐⁄  and the partial diffusion coefficients (PDC) ratio which is given as [25]: 









𝑣𝑎𝑐, and A and B represent the host and foreign atom, respectively. In the 
absence of attractive interactions between defect and solute, the atomic flux is opposed to the 
vacancy flux, because the vacancy moves by exchanging with either solute or host atoms. However, 
when attractive solute-defect interactions are present, the vacancy may remain in proximity of the 
solute and produce consecutive solute jumps in the same direction: this is usually referred to as 
vacancy drag. The PDC ratio describes the relative diffusion rate of solute with respect to matrix 
atoms, which determines the solute segregation or depletion tendency at defect sinks (e.g. 
dislocation lines, grain boundaries, free surfaces, and so on). Vacancy drag leads to solute 
enrichment at sinks, in which case the PDC ratio Dpd is negative. In the absence of vacancy drag, 
two regimes are possible: when 0< Dpd <1, solutes diffuse slower than host atoms, and enrichment 
at sinks takes place; on the other hand, if Dpd >1 , solutes are faster than host atoms, and depletion 
thus occurs. 
 
2.3 Multi-mechanism diffusion coefficients 
Self-diffusion can occur either by vacancy or interstitial mechanism. The total self-diffusion 
coefficients result from the sum of diffusion coefficients of the two mechanisms: 
𝐷𝑈 = 𝐷𝑈
𝑣𝑎𝑐 + 𝐷𝑈
𝑖𝑛𝑡𝑒𝑟                                                           (19) 
𝐷𝑆𝑖 = 𝐷𝑆𝑖
𝑣𝑎𝑐 + 𝐷𝑆𝑖
𝑖𝑛𝑡𝑒𝑟                                                           (20) 
Nd in U3Si2 diffuses through multiple mechanisms: uranium vacancy-assisted migration, silicon 
vacancy-assisted migration, and interstitial migration. The total Nd diffusion coefficient can be 
obtained by taking into account the probability of Nd to be located at each trap site 𝑦𝑁𝑑𝑥 (x= U1, 
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where 𝐸𝑠𝑜𝑙
𝑥  is the solution energy of Nd at the trap site which can be calculated using Eq. (13). 
         
 
2.4 Kinetic analysis 
The kinetic analysis of this work, i.e., the calculation of transport coefficients, is performed with the 
KineCluE code [21]. This code implements a cluster-expansion approach to the SCMF where the 
Onsager matrix is split into cluster contributions. A detailed explanation of the theory and workflow 
of this code can be found in [21,25]. In the dilute approach applied in this work, two “clusters” are 
considered for vacancy-assisted diffusion: a mono-vacancy and a vacancy-solute pair, given that an 
isolated substitutional solute is immobile. Any multi-vacancy and multi-solute effects were 
neglected, as a first approximation, although their possible contribution to Nd mobility should be 
further investigated by extending the set of DFT calculations to Nd-Nd, Nd-vacancy, and vacancy-
vacancy pairs (which is beyond the scope of this work). 
 
In the SCMF theory, one needs to impose a cut-off range for thermodynamic interactions, Rth, as 
well as one for kinetic interactions, Rkin. Thermodynamic interactions embodied by the binding 
energies determine the probability of a certain solute-defect configuration to occur in 
thermodynamic equilibrium conditions, and the binding energies of solute-defect pairs whose 
distance is beyond Rth are regarded as negligible. Kinetic interactions, on the other hand, are 
fictitious interactions introduced in the SCMF framework to parameterize the near-equilibrium 
distribution function. Thus, Rkin is the maximum extension of the diffusion trajectories included in 
the model. Migration paths extending further than Rkin are not considered. The transport coefficients 
converge for longer kinetic radii, but in practice we need to keep Rkin as short as possible, taking the 
computational effort into account. Previous tests [25] confirmed that a kinetic radius of a few Å for 
vacancy and simple interstitial mechanisms is sufficient to obtain a satisfactory convergence. 




corresponding to the first nearest-neighbor distance for U1 sites. 
 
In order to construct continuous diffusion trajectories for vacancy-assisted diffusion mechanisms, 
the migration barriers of three different types of jumps are needed: Nd-vacancy exchanges, 
vacancy-U and vacancy-Si exchanges with a Nd nearby, as well as vacancy-U and vacancy-Si 
exchanges in pure U3Si2. In this work, the migration barriers of Nd-vacancy exchanges (𝐸𝑚
𝑠 ) and of 
vacancy-U (or Si) exchanges in pure U3Si2 (𝐸𝑚
0 ) are calculated with DFT (see Table 2), while the 
migration barriers of vacancy-U (or Si) exchanges with a Nd nearby are calculated automatically by 
the KineCluE code with the KRA approximation [26]: 









                                                         (25) 
The latter migration barriers are thus obtained based on the binding energies of the initial (𝐸𝑏
𝑖 ) and 
final (𝐸𝑏
𝑓
) state, and a reference migration barrier 𝑄corresponding to 𝐸𝑚
0 (𝑈) or 𝐸𝑚
0 (𝑆𝑖) for vacancy-
U and vacancy-Si exchanges, respectively.   
 
Because of the tetragonal crystal structure of U3Si2, the diffusion behaviors in the a-b plane and 
along the c-axis are distinct. Therefore, we need to compute the diffusion coefficient in each 
direction. This is done by setting first the CPG along (110) direction (chosen as a representative 
direction in the a-b plane), then along the (001) direction. In addition, due to anisotropy, the CPG in 
the (110) direction may cause a diffusion also in the (001) direction, and vice versa. However, this 




) lower than the 
diffusion coefficient in the main directions and was thus neglected. The solute concentration CS is 
set to 10
-4
 in line with the mole fraction of Nd in U3Si2 fuel for a burnup of 52.5 MWd/kg, which is 
predicted by Serpent calculations [27]. This concentration ensures that Z0(pair)*CS < Z0(mono) 
where Z0 is the count of possible geometric configurations taken by the vacancy-solute pair or 
mono-vacancy within Rkin. Even though the solute concentration is set to this fixed value, both the 
solute diffusion coefficient and the drag ratios are independent of CS [25]. 
 
To limit the computational expense, all the attempt frequencies are set to the Debye frequency of 
U3Si2 (11.19 THz), which is obtained from our DFT calculations. Due to a current KineCluE 
limitation that prevents the modeling of anti-sites, we could not consider the migration of a vacancy 
from the U to the Si sublattice (and vice versa) that involves the creation of an anti-site, although 
our DFT calculations showed that this jump is possible and has a relatively low migration barrier 
(see Section 3.3 for further details). In addition, we ignore the possible Nd migration across the two 
sublattices. In principle, Nd needs only one vacancy to jump from one sublattice to another. 
However, once the jump to the other sublattice has occurred, an additional vacancy in that sublattice 
is needed to ensure a continuous diffusion trajectory. With one vacancy only, Nd would exchange 
across sublattices back and forth without producing a net migration. In order to take this mechanism 
into consideration, we should thus consider configurations including two vacancies (one per 
sublattice), and compute as a consequence multi-defect properties that go beyond the dilute 
approach targeted in this work. For these reasons, we investigate the diffusion of Nd in the uranium 
sublattice and in the silicon sublattice separately. On the other hand, the diffusion of Nd through U1 
         
and U2 sublattices can be treated simultaneously. As a final remark, while using the KineCluE code, 
an energy modification using the most stable configuration as a reference is applied to the non-
equivalent configurations in mono-vacancy and vacancy-solute calculations, respectively (more 
details are provided in Appendix B). 
 
2.5 Density functional theory calculations 
The DFT calculations in this work were performed with the Vienna Ab Initio Simulation (VASP) 
package [28–31]. The projector augmented wave method [32] and the Perdew-Burke-Ernzerhof 
(PBE) parametrization of the generalized gradient approximation (GGA) [33] were used to describe 
the wave function and the exchange-correlation function respectively. The potentials used in this 
work treat 14, 14, and 4 electrons as valence for, respectively, uranium, neodymium, and silicon. To 
capture the strong correlation effects of the uranium 5f orbitals, the rotationally invariant 
implementation of the Hubbard-U correction introduced by Dudarev et al. [34] was applied. 
Following our previous study [35], an effective Hubbard-U value, Ueff=U-J, of 1.5 eV was applied 
to the ferromagnetic structure of U3Si2. The Hubbard correction was not applied to the neodymium 
4f orbitals in this work since previous research has confirmed that Nd-bearing compounds can be 
described well without Hubbard correction [36]. Moreover, in this work, the calculation results 
were obtained as differences with respect to the reference states, thus the relative effect of applying 
U-correction to the single Nd can be regarded as rather small. 
 
The defect energies, binding energies, and migration barriers were calculated in a 2×2×3 supercell 
containing 72 uranium atoms and 48 silicon atoms. The Brillouin zone was sampled with 4×4×4 
Monkhorst-Pack k-point meshes. The plane-wave cut-off energy was set to 500 eV and the partial 
occupancies were smeared according to the Methfessel-Paxton method with a smearing width of 0.2 
eV. To compute the defect energies, the atomic positions, supercell volume and supercell shape 
were allowed to fully relax. The convergence criteria for the self-consistent ionic relaxation loop 
was 10
-4
 eV. Migration barriers were calculated using the climbing image nudged elastic band 
(NEB) method [37–39] with three images. The spring constant between the images was set to 5 
eV/Å
2
. The NEB calculations were performed with the volume fixed at that of the starting 
configuration. The force convergence criteria for NEB calculations was 0.05 eV/Å. 
 
The vibrational frequencies at the Γ point were calculated via density functional perturbation theory 
(DFPT) [40]. To maintain the ferromagnetic structure of the system, the wave function of the 
ground states was used as the starting point for the DFPT calculations. Considering the high 
         
computing cost of DFPT calculations, we used a 1×1×2 supercell of U3Si2. The k-point grids were 




In order to calculate the chemical potentials and the corresponding entropies of U and Si, the 
energies and vibrational frequencies of the neighboring phases, U3Si with space group Fmmm and 
USi with space group Pbnm, were calculated. The chemical potentials of Nd were derived from 
NdSi in the iron-boride (FeB) crystal structure. Calculations of these compounds used the same 
plane-wave cut-off energy as U3Si2 and the density of the k-point grid was chosen to ensure the 
same accuracy across all systems. All other computational details were the same as for U3Si2. 
 
3. Results 
3.1 Point-defect concentrations in U3Si2 
The calculated defect formation enthalpies and entropies are collected in Table 1. The chemical 
potentials and the corresponding entropies of U and Si were calculated using Eqs. (2-3) and (5-6) 
respectively. The defect concentrations calculated using Eqs. (7-10) are plotted as functions of 
temperature in Fig. 2. The total uranium vacancy concentration, [VU], is mainly determined by U1 
vacancies. Interstitial defects are found in higher concentration than vacancies because of their 
significantly lower defect formation enthalpies. At high temperature, Si interstitials dominate, 
leading to hyper-stoichiometry (excess Si). U2 vacancies exhibit the lowest concentration because 
of the high formation enthalpy. Although U1 and Si vacancies have similar formation enthalpies, the 
Si vacancy concentration exceeds the U1 vacancy concentration when entropy terms are taken into 
account. 
 
Table 1 Point defect formation enthalpies HD.f in eV, entropies SD.f in kB, and defect volumes ∆V in 
Å
3
. The chemical potential µi and entropy si are also listed. The DFT calculation results from D. 
Andersson et al. [16,17] are shown for comparison. Here, the "Si-rich" means that either adding one 
Si interstitial, or removing one U atom (U vacancy), while "U-rich" means either adding one U 
interstitial or removing one Si (Si vacancy). 
    Energies (eV)   Entropies (kB)   Volume (Å
3
) 
    This work D. Andersson   This work D. Andersson   This work D. Andersson 
Si-rich 
µU -9.93 -9.79 sU -2.28 -3.11    
µSi -5.93 -6.24 sSi -7.40 -5.79    
HvacU1.f 1.71 1.69 SvacU1.f 1.50 0.45 ∆VvacU1 -4.63 -4.17 
HvacU2.f 3.35 3.00 SvacU2.f 5.12 2.89 ∆VvacU2 -4.58 -2.37 
HinterSi.f 0.74 0.55 SinterSi.f 2.60 2.19 ∆VinterSi 2.68 4.09 
U-rich µU -9.54 -9.79 sU -3.40 -3.11    
         
µSi -6.51 -6.24 sSi -5.73 -5.79    
HvacSi.f 1.85 1.79 SvacSi.f 4.59 6.28 ∆VvacSi -6.42 -7.81 
HinterU.f 1.00 0.87 SinterU.f -0.52 -3.15 ∆VinterSi 0.18 0.07 
 
These results are for most parts in good agreement with those of Anderson et al. [16,17]. The slight 
discrepancies appearing in Fig. 2 can be explained as follows. For U1 vacancy, Si vacancy, and U 
interstitial concentrations, they mainly originate from the differences between the defect formation 
entropies (see Table 1). For U2 vacancy and Si interstitial concentrations, the discrepancy originates 
mostly from enthalpy differences, although significant entropy differences are also observed. 
Compared to Ref. [16,17], where all point defect systems considered as reference states for the 
chemical potential calculations were approximated as stoichiometric, we treated the systems as non-
stoichiometric, i.e., we used U-rich, and Si-rich phases as references, resulting in different chemical 
potentials of U and Si. Besides, in Ref. [16,17], the finite displacement method in non-cubic 2×2×2 
or 1×2×3 supercells were used to compute the vibration frequencies, while in this work the latter 
were computed with the DFPT method in the cubic-symmetry 1×1×2 supercells. This is the main 
reason for the substantial differences between our calculated defect entropies and those in Ref. 
[16,17]. Note that the well-known metastability issue induced by the strong correlation corrections 
for uranium 5f elections could also be the reason of the discrepancy. In this work, the occupation 
matrix control scheme (OMC) [41] is applied to find the ground state of the perfect supercell which 
is crucial for the point defect energy calculations. This was shown in an earlier study to be 
potentially important since metastable states with total energy differences of nearly 1 eV could 
appear without this correction [35]. No correction scheme was applied in Ref. [16,17] and their 
calculations may have converged to metastable states leading to different point defect energies. 
         
 
Fig. 2. Equilibrium point defect concentrations in U3Si2 calculated using Eqs. (7-10). Symbols represent the results of 
this work and lines are the defect concentrations calculated using the defect formation energies reported in [16,17]. 
 
3.2 Self-diffusion in U3Si2 
The self-diffusion mechanisms by vacancies and interstitials are discussed in Appendix A.  
Migration energies 𝐸𝑚
0  calculated with NEBs are collected in Table 2 (left). For migration 
mechanisms with non-equivalent initial and final configurations, energy barriers required to jump 
backward are presented in parenthesis. All the barriers obtained using Eq. (25) with the KineCluE 
code are not listed explicitly considering the complexity of the U3Si2 structure and the several jump 
mechanisms at play. For the self-diffusion in U3Si2, the lowest barrier is obtained for a U vacancy 
jump from a U2 to a U1 site, 0.60 eV. Diffusion mechanisms with high energy barriers, like that of a 
U1 vacancy within the a-b plane (5.66 eV), or that of a U2 vacancy along the c-axis (3.30 eV), can 
be consequently replaced by a multi-step mechanism involving both U1 and U2 sites, as indicated 
by the blue arrows in Fig. A. 1 (a) and (b). The migration barrier for a Si vacancy in the a-b plane is 
higher than along the c-axis. The U interstitial pushes away two neighboring atoms, forming an 
asymmetric delocalized split structure. It migrates by pushing the delocalized U2 atom into an 
interstitial position and replacing it in its original lattice site, see Fig. A. 1 (d) and (e). The migration 
energy for this mechanism in the a-b plane is low, so migration is faster than any of the vacancy 
mechanisms. Si interstitial diffusion along the a-axis exhibits a high barrier (4.06 eV) because of the 
long jump distance (7.45 Å). The migration barrier in the a-b plane could be reduced by traversing 
an intermediate interstitial position as shown in Fig. A. 1 (f). Diffusion along the c-axis occurs by a 
         
similar mechanism as in the a-b plane, the only difference being the direction of the second jump 
from the intermediate site.   
 
Table 2 Migration energies of point defects in pure U3Si2 𝐸𝑚
0  (left) and migration energies of Nd 
𝐸𝑚
𝑠  (right), in eV. Values in parenthesis are the backward migration energies for jumps where the 
forward and backward transitions are not symmetric. Note that Nd at the final state of NdU1Si 
relaxed to an interstitial site and this mechanism was not included in the diffusion coefficient 
calculation model. 
Self-diffusion Nd diffusion 
Mechanisms Distance (Å) 𝐸𝑚
0  (eV) 𝐸𝑚
0  [16,17] Mechanisms Distance (Å) 𝐸𝑚
𝑠  (eV) 
VU1-c 4.02 1.47 1.21 NdU1U1-c 3.92 1.28 
VU1-ab 5.26 5.66  NdU1U1-ab 5.28 4.92 
VU1U2 3.38 1.95(0.60) 1.71(0.40) NdU1U2 3.43 0.00(1.20) 
VU2-c 4.02 3.33 3.30 NdU2U2-c 4.02 2.97 
VU2-ab 3.84 1.79  NdU2U2-ab 3.88 2.29 
Vsi-c 3.97 3.26 2.44 NdSiSi-c 3.87 1.21 
Vsi-ab 4.26 4.04 2.37 NdSiSi-ab 3.86 1.79 
IU-c 3.99 2.86 2.56 Ndinter-c 4.00 3.07 
IU-ab-1 1.02 0.18 0.31 Ndinter-ab-1 4.08 2.67 
IU-ab-2 1.22 0.44  Ndinter-ab-2 0.09 0.08 
ISi-c 5.44 3.36 2.91 NdU1Si* 3.02 1.21(0.63) 
ISi-ab-1 5.27 3.10     
ISi-ab-2 5.27 2.14 1.80    
Isi-aa 7.45 4.06         
 
 
Fig. 3 Diffusion coefficients of U and Si in pure U3Si2 along the c-axis and in the a-b plane. (a) The total diffusion 
coefficients of U and Si compared with the DFT calculation results of Andersson et al. [16,17]. (b) Diffusion 
coefficients of each migration mechanism. 
 
         
Fig. 3 (a) shows the total self-diffusion coefficients calculated using Eqs. (19) and (20), Fig. 3 (b) 
collects the contributions of each diffusion mechanism. As shown in Fig. 3 (a), the diffusion of U is 
systematically faster than that of Si in both directions. For each species, diffusion in the a-b plane is 
faster than along the c-axis. This relative relationship is consistent with the calculations of 
Andersson et al. [16,17], but our calculated self-diffusion coefficients are lower in absolute terms. 
The discrepancy lies in the differences between migration barriers and between defect 
concentrations. Since the discrepancies between the migration barriers listed in Table 3 (left) for Si 
interstitials and vacancies are much larger than for U interstitials and vacancies, the mismatch is 
more profound for the Si diffusion coefficient. This discrepancy is also augmented by the difference 
between the Si interstitial and vacancy concentrations, and can be explained by the same arguments 
as discussed in Section 3.1 concerning the different DFT calculation parameters. 
 
Combining Fig. 3 (a) and (b), we can find that self-diffusion in the a-b plane occurs mainly by 
interstitial mechanisms, which is in part of consequence of the high equilibrium concentrations of U 
and Si interstitials. This is only true in thermal equilibrium conditions because the interstitial 
formation energy is low and so the [IU] and [ISi] dominate in Eq. (15) respectively. Under 
irradiation, defect concentrations are controlled by irradiation and only weakly depend on the 
formation energies. The significantly fast U interstitial diffusion in the a-b plane can be also 
attributed to the multi-step jump mechanism: the interstitial U atom replaces a U2 atom with a 
barrier of 0.18 eV, while this U2 atom moves to another interstitial position with a barrier of 0.44 
eV, see Fig. A. 1 (d). This combination gives rise to a potentially long-ranged diffusion path with a 
low total energy barrier, and thus makes the U interstitial diffusion faster than any of the vacancy 
mechanisms. Si interstitials along the c axis move much slower than in the a-b plane owing to the 
higher migration barrier of ISi-c, but still dominate the Si diffusion. U-vacancy diffusion is faster 
than U interstitials along the c-axis, and is thus the prevalent U self-diffusion mechanism along the 
c axis. This can be attributed to the lower-barrier jump VU1-c and the multi-step mechanism VU2-U1-
U2 as illustrated in Fig. A. 1 (b). 
 
3.3 Solubility of Nd in U3Si2 
The solubility of Nd was modeled considering U1, U2 and Si substitutional sites, the interstitial site 
with Wyckoff position 2b, and two non-equivalent interstitial sites with Wyckoff position 8j. 
Although there are more possible interstitial sites in U3Si2 as illustrated in Fig.1. (b), 2b and 8j sites 
were observed to be the most stable [42]. The calculated solution energies Esol and incorporation 
energies Einc are summarized in Table 3. U1 and Si are found to be the most favorable trap sites for 
         
Nd, followed by U2 and 8j-2 sites. When vacancies are pre-existing, for instance under irradiation 
conditions, U2 is the most favorable trap site, followed by U1 and Si. The less preferred sites 2b 
and 8j-1 sites were not taken into consideration in our mobility study. 
 
Table 3 The solution and incorporation energies, Esol and Einc of Nd in U3Si2. The chemical 
potentials of Nd appearing in Eq. (11) and the corresponding volume changes ∆V are also listed. 
Position Fractional coordinates in unit cell µNd (eV) Esol (eV) Einc (eV) ∆V (Å
3
) 
U1 (0, 0, 0) -8.64 1.31 -0.40 5.40 
U2 (0.1821, 0.6821, 0.5) -8.64 2.02 -1.33 8.63 
Si (0.3841, 0.8841, 0.0) -8.06 1.38 -0.47 2.48 
2b (0, 0, 0.5) -8.35 2.89  -0.28 
8j-1 (0.4143, 0.4892, 0.5) -8.35 2.50  6.54 
8j-2 (0.8953, 0.9502, 0.5) -8.35 2.01  4.38 
 
3.4 Nd diffusion in U3Si2 
Migration energies of Nd in U3Si2, 𝐸𝑚
𝑠 , are collected in Table 2 (right). Details about the migration 
mechanisms are illustrated in Appendix A. The zero-migration energy for NdU1U2 represents the fact 
that Nd occupying a U1 trap site while next to a pre-existing U2 vacancy is unstable and moves 
spontaneously to the vacant U2 site. The existence of the U1 vacancy next to a Nd atom in a Si site 
moves the Nd towards a more stable interstitial position; from there, Nd requires only 0.63 eV to 
migrate to the U1 site. The Nd migration mechanism between the U2 and the Si sublattice, as well 
as the corresponding migration energy are not presented here because Nd on a Si site relaxes to a 
U2 vacancy during the ion position optimization. This agrees with the incorporation energies in 
Table 3, showing that the U2 vacancy is the preferred accommodation site for Nd, rather than Si 
vacancies. 
 
Migration of Nd assisted by U1 vacancies in the a-b plane only is improbable due to the high 
migration energy, 4.92 eV, which essentially originates from the long jump distance. This jump can 
instead take place with a lower-barrier combination of two steps: first, Nd in a U1 trap site jumps to 
its nearest U2 vacancy spontaneously, and then jumps to another U1 vacancy with a barrier of 1.20 
eV, as indicated by the blue arrows in Fig. A. 2 (a). The diffusion of Nd assisted by U2 vacancies 
along the c-axis and in the a-b plane could also occur by similar multi-step mechanisms. However, 
the migration energies of Nd by Si vacancies in the a-b plane are lower than along the c-axis. Nd 
interstitial diffusion mechanisms have relatively high barriers. The binding energies (Eb) between a 
vacancy and a Nd atom at each substitutional trap site are plotted in Fig.4. Nd at U2 and U1 trap 
sites are strongly binding to all kinds of vacancies. Interactions between Si vacancies and Nd atoms 
         
located at Si sites are significantly repulsive, which indicates that vacancy-assisted Nd diffusion on 
the Si sublattice is likely to play a less important role than that on the U sublattice. 
 
Fig. 4 Binding energy of Nd-vacancy pairs in U3Si2 (eV). 
 
The total Nd diffusion coefficients in U3Si2 in the a-b plane and along the c-axis were calculated 
using Eqs. (21-24). Fig. 5 shows the total Nd diffusion coefficients and the contribution of each 
mechanism. Nd diffusion across the two sublattices was not taken into account because the 
contribution is expected to be negligible, based on the fact that Nd at the Si sublattice is more likely 
to jump back to the U sublattice instead of continuously migrating in the Si sublattice. In the high-
temperature range, Nd atoms diffuse at the same rate along the c-axis and in the a-b plane because 
the dominant diffusion mechanism, uranium vacancy-assisted diffusion, is isotropic. The possible 
anisotropy depends on the difference between barriers in the a-b plane, and along the c direction. 
The larger the difference, the stronger the anisotropy. For Nd migration on U1 or U2 sublattices, the 
difference is small, as shown in Table 2 (right). In the a-b plane, the direct interstitial diffusion 
coefficient in the a-b plane has a much lower activation energy compared with the other diffusion 
coefficients. As a matter of fact, contrary to the other mechanisms, direct interstitial diffusion of Nd 
atoms does not require the nearby presence of assisting defects, thus its activation energy includes 
no defect formation energy. So, the total activation energy for interstitial diffusion (0.24 eV, by 
fitting the points in Fig. 5) is the effective migration energy resulting from the statistical average 
between Ndinter-ab-1 (2.67 eV) and Ndinter-ab-2 (0.08 eV). With decreasing temperature, uranium 
vacancy-assisted diffusion becomes slower than the interstitial diffusion. Below 700 K, Nd atoms 
diffuse mainly through the interstitial diffusion mechanism, and this is reflected in the sudden 
change of slope appearing in the Nd total diffusion coefficient in Fig. 5. Silicon vacancy-assisted 
mechanisms contribute less to the total diffusion of Nd since the Si vacancy-Nd interactions are 
         
repulsive, while the U vacancy-Nd ones are attractive. We can then conclude that Nd diffusion 
occurs primarily on the U sublattice. 
 
Fig. 5 Diffusion coefficients of Nd in U3Si2 along the c-axis and in the a-b plane. The total diffusion coefficients of Nd 
were calculated using Eq. (21). Note that 𝐷𝑁𝑑𝑈  [001] is overlapped by 𝐷𝑁𝑑𝑈  [110] and thus cannot be seen. 
 
 
Fig. 6 Drag ratio G=LVS/LSS and the ratios of partial diffusion coefficients (PDC ratios in Eq. (18)) for uranium 
vacancy-assisted diffusion (left) and silicon vacancy-assisted diffusion (right). 
 
Fig.6 shows the flux coupling character between Nd and vacancies, i.e., the drag ratio 𝐺 = 𝐿𝑣𝑠 𝐿𝑠𝑠⁄  
and the ratios of partial diffusion coefficients Dpd obtained using Eq. (18). Positive drag ratios 
indicate that the vacancy and Nd fluxes are in the same direction, while negative values mark fluxes 
in opposite directions. The PDC ratio describes the relative diffusion rate of solute with respect to 
matrix atoms. At temperatures above 800 K, Nd is expected to diffuse without drag by either U or 
Si vacancy. The drag ratio is always negative, so Nd and the corresponding vacancies thus migrate 
in opposite directions. For uranium vacancy-assisted diffusion, Dpd >1, which implies the Nd 
depletion at defect sinks owing to the absence of vacancy drag as well as the faster Nd diffusion 
         
than the U self-diffusion. This applies also to the silicon vacancy-assisted diffusion in the a-b plane. 
For silicon vacancy-assisted diffusion along the c-axis, Nd atoms diffuse more slowly than Si self-
diffusion, so that 0<Dpd<1 and Nd enrichment at sinks occurs through the inverse Kirkendall 
mechanism. The Nd enrichment/depletion tendency will be dominated by diffusion on the U 
sublattice because diffusion on the Si sublattice is much slower. 
 
4. Discussion 
Once the diffusion coefficients are known, we need a criterion for assessing whether Nd mobility is 
low enough to be considered as practically immobile. Since Nd has been licensed as a burnup 
indicator in UO2, its mobility can be taken as a reference. Here, we decide to evaluate Nd mobility 
both in absolute terms and relatively to self-diffusion because the fuel temperature would not be 
identical between oxide and silicide fuel. According to the technical report of Westinghouse Electric 
Company, for a peak linear power of 49.9 kW/m, the maximum fuel centerline temperature is 
1066 °C for U3Si2/SiC  fuel and 908 °C for U3Si2/Zr-alloy fuel, against 2058 °C for UO2/Zr-alloy 
fuel [43]. 
 
The Nd diffusion and U self-diffusion in U3Si2 and UO2 are shown in Fig. 7. The U self-diffusion 
coefficients in UO2 were experimentally observed by Matzke et. al. [18] and the Nd diffusion 
coefficient under thermal condition was measured by Han et. al. [44]. The Nd diffusion coefficient 
in UO2 at 1070 K is similar to the Nd diffusion coefficient in U3Si2 at 800 K. Assuming that Nd 
diffusion has similar activation energies in UO2 and U3Si2, DNd in UO2 at 2058 °C is close to DNd in 
U3Si2 at 2328 °C, which is clearly significantly larger than DNd in U3Si2 at 1066 °C. This makes Nd 
a promising burnup indicator in U3Si2 concept fuels because it has a slower migration in U3Si2 than 
in UO2 at the relevant fuel temperature, and should thus remain in the grain where it first appears. 
 
In addition, if Nd has a similar or slower diffusivity as U, it is reasonable to assume that it evolves 
with the matrix and with limited probability to make it to the grain boundaries. We compare Nd 
diffusion with U self-diffusion rather than Si self-diffusion because Nd diffusion on the Si sublattice 
is significantly slow and can therefore be neglected. Similarly, in UO2, there is no interaction 
between Nd and O sublattices, and Nd diffusion occurs mainly on U sublattice [45]. One can note 
that the diffusivity of Nd is 7~8 orders of magnitude higher than U in UO2 at 1070 K, where there is 
experimental data, but this ratio is expected to be smaller at higher temperature. In U3Si2, Nd 
diffusion is significantly slower than U in the a-b plane in the whole temperature range. Along the 
c-axis, Nd diffusion is slightly faster than U and the ratio is about 7 at 1300 K, which is 
         
significantly lower than the ratio in UO2. So, if Nd mobility is low enough in UO2, it is certainly 
low enough in U3Si2. However, the large gap between the diffusivity of Nd and U in UO2 implies 
that low diffusivity is not the only possible condition to ensure that Nd is immobilized in the fuel 
matrix. Analysis of other microstructure phenomena involving Nd (for instance, clustering and 
formation of precipitates, interaction with dislocations) and the calculation of Nd diffusivity in UO2 
must be done in order to draw a stronger conclusion in this respect. 
 
Fig. 7 Nd and U self-diffusion coefficients in U3Si2 and in UO2. The U self-diffusion coefficients in UO2 are taken from 
the experimental work performed by Matzke et al. [18]. The diffusion coefficients of Nd in UO2 are taken from Han et 
al. [44]. 
 
The negative coupling (no drag) of the vacancy-Nd pairs further strengthens the applicability of Nd 
as a burnup indicator, because since the vacancy flux goes towards grain boundaries, the negative 
coupling forces Nd to stay in the bulk, where it has less chance to escape and more chances to form 
immobile precipitates. According to the PDC ratios, in fact, Nd diffusion with the assistance of U 
vacancies or Si vacancies in the a-b plane should lead to Nd depletion at grain boundaries. 
 
The Xe bulk diffusion coefficients in U3Si2 calculated by Andersson et al. [16,17] are illustrated in 
Fig. 7 for comparison. One can see that Xe diffusion coefficients are close to our calculated Nd 
diffusion coefficients. In Ref. [16,17], the Xe diffusion coefficient was calculated using a rate-
limiting model that does not take into account kinetic correlations between solutes and defects. With 
this model, the total diffusion coefficient along a specific direction can be only affected by the 
migration mechanisms along this direction, while in the framework applied in this work, migration 
mechanisms in all directions contribute to the total diffusion coefficient. In order to compare the 
         
two models, we computed the diffusion coefficient of Xe in Si vacancies using the KineCluE code, 
selecting the required DFT results from [16,17], and compared the results to those by Andersson et 
al. in Fig. 8. The rate-limiting model underestimates the diffusion coefficient by 2 to 3 orders of 
magnitude. Taking this discrepancy into account, Xe diffuses slightly faster than Nd in U3Si2. 
 
However, this similarity between the diffusion coefficients of Xe and Nd in U3Si2 does not 
necessarily entail that the two species have similar mobilities overall because, as previously 
mentioned, bulk diffusion is not the only phenomenon at play. It is known, for instance, that 
diffusivity in microstructural defects such as dislocations, grain boundaries or cracks provides the 
main contribution to fission gas release: in UO2, the pipe diffusion coefficients of fission gases, 




 times higher than the bulk diffusion coefficients [46]. 
An analogous mechanism is not known for Nd in UO2. It is thus reasonable to assume that a similar 
argument would apply to U3Si2, in which case the similar bulk diffusivities of Xe and Nd would not 
be relevant to judge whether Nd can be regarded as a slow diffuser in U3Si2. Nd could also 
precipitate in the matrix and therefore immobilize, or be trapped by other impurities, but these two 
effects are not considered in this work. 
 
Fig. 8 The diffusion coefficients of Xe in Si vacancies computed with the rate-limiting model (as reported in Ref. 
[16,17]) and the SCMF theory (computed with the KineCluE code), both based on the DFT results of Ref [16,17]. 
 
5. Conclusion 
Density functional theory (DFT) calculations have been used to investigate Nd stability and 
diffusion in U3Si2, which is one of the main accident tolerant fuel (ATF) candidates. Nd is predicted 
to preferentially occupy the uranium sublattice. The thermal stability of vacancy-Nd pairs was 
estimated by calculating the binding energies. Our results show attraction for uranium vacancies 
with Nd on the U sublattice, and repulsion for silicon vacancies with Nd on the Si sublattice. 
         
Migration energies were then computed between the various configurations. Migration through 
alternated jumps on U1 and U2 sites was proven to have the highest probability. Diffusion 
coefficients of Nd in U3Si2 were then obtained within the SCMF framework. The diffusivity of Nd 
showed only a small anisotropic character. The fastest diffusion mechanism for Nd is the uranium 
vacancy-assisted diffusion, which is isotropic. On the other hand, direct interstitial diffusion in 
U3Si2 shows strong anisotropy. 
 
For vacancy-assisted diffusion, the flux-coupling characters of the vacancy-Nd clusters were 
analyzed based on the transport coefficients obtained with the KineCluE code. In the temperature 
range of interest, no vacancy drag occurs in any cases, which means that Nd and vacancies migrate 
in opposite directions. The computed PDC ratios imply that, for silicon vacancy-assisted diffusion 
in the a-b plane and uranium vacancy-assisted diffusion in both directions, Nd depletion at sinks is 
expected. This depletion tendency increases the probability for Nd to stay within the matrix. In any 
case, any radiation-induced segregation/depletion tendency should occur too slowly to be observed, 
given the low mobility of Nd. 
 
Nd diffuses slower than U in U3Si2 in the a-b plane and slightly faster than U along the c-axis. 
Comparing to the situation in UO2 that Nd diffusion is significantly faster than U self-diffusion, Nd 
can be regarded as a slow diffuser. At relevant maximum centerline temperatures of the fuel, the Nd 
diffusion rate in U3Si2 is significantly smaller than that in UO2. Since the mobility of Nd is low 
enough to satisfy the requirement of burnup indicator for UO2 fuel, Nd with even lower mobility in 
U3Si2 can be regarded as a strong candidate burnup indicator for U3Si2 concept fuel. Further studies 
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Appendix A. Nd and self-diffusion mechanisms in U3Si2 
U and Si migration mechanisms in pure U3Si2 are illustrated in Fig. A. 1. The vacancy migration 
mechanisms are similar to the substitutional Nd migration ones, as shown in Fig. A. 1 (a-c). Fig. A. 
1 (d) shows that U interstitial pushes its neighboring U2 atom away from the equilibrium lattice 
site. It migrates by taking the U2 position and spontaneously kicking the original U2 atom to an 
interstitial site, which is named IU-ab-1 and is marked with the red arrows. The green arrow is the 
migration of interstitial U to its neighboring equivalent position, named IU-ab-2. The U interstitial 
migration along the c-axis (IU-c) also involves multiple steps. As illustrated in Fig. A. 1(e), 
interstitial U migrates to its nearest U2 site and the original U2 atom spontaneously moves along 
the c-axis while pushing the U2 atom at the other layer to the interstitial position; Fig. A. 1 (f) 
shows the migration mechanisms of Si interstitials. Migration in the a-b plane has three different 
mechanisms: directly jump along the a-axis, ISi-aa (green arrow), intermediate assisted jump which 
traverses through a second interstitial site (saddle-point1) between two U2 atoms, ISi-ab-1 (red arrow) 
and through another interstitial site between two Si atoms (saddle-point2), ISi-ab-2 (dashed red 
arrow). Migration along the c-axis ISi-c is similar to ISi-ab-1 with only the final position in a different 
direction (blue arrow). 
   
   
Fig. A. 1. Migration mechanisms of U and Si in U3Si2. Vacancies are marked with yellow crosses. Gray spheres in Fig. 
A. 1 (d-e) represent the equivalent U interstitial positions. Yellow spheres in Fig. A. 1 (f) represent the equivalent Si 
interstitial positions. Pink and red spheres represent two different intermediate sites respectively. IU-c is shown in a 
1×1×2 supercell of U3Si2, the other mechanisms are shown in the unit cell. 
 
         
Fig. A. 2. is a schematic representation of the Nd diffusion mechanisms. The diffusion mechanisms 
of Nd at the U1 sublattice are shown in Fig. A. 2 (a). Nd jumps to a U1 vacancy along the c-axis 
and in the a-b plane, respectively named NdU1U1-c and NdU1U1-ab, are marked with the red arrows. Nd 
exchanging positions with a U2 or Si vacancy is illustrated with the blue or green arrows and named 
as NdU1U2 or NdU1Si. Note that NdU1U2 (or NdU1Si) and its reverse mechanism NdU2U1 (or NdSiU1) are 
non-equivalent, see Table 2 for their migration barriers. The long distance migration NdU1U1-ab 
requiring a very high migration energy can be replaced by a multi-step migration mechanism, by 
which Nd pass through a U2 site (blue arrows) and then jump to the destination U1 site (blue 
dashed arrows). Fig. A. 2 (b) shows the migration mechanisms of Nd at U2 sublattice. It can 
migrate to a U2 vacancy along the c-axis (red dashed arrows) or in the a-b plane (red arrows). Fig. 
A. 2 (c) is the mechanism where Nd at the Si sublattice migrates to a Si vacancy along the c-axis 
and in the a-b plane, marked as NdSiSi-c and NdSiSi-ab, respectively. The red arrows in Fig. A. 2 (d) 
show that Nd at an interstitial position migrates to another equivalent interstitial site in the a-b plane 
while traversing an intermediate site which is also the saddle-point of this migration path; we 
named this mechanism as Ndinter-ab-1. The green arrow shows the migration of Nd between two 
neighboring equivalent interstitial positions, named Ndinter-ab-2, which is necessary for the long-
ranged migration of interstitial Nd. Interstitial Nd can also migrate along the c-axis (Ndinter-c) as 
illustrated in Fig. A. 2 (e). Form Fig. A. 2 (d) and (e), we can see that Nd at an interstitial site forces 
its neighboring U1 and U2 atoms to deviate from their ideal positions.   
 
         
Fig. A. 2. Vacancy-assisted (a-c) and interstitial (d-e) migration mechanisms of Nd in U3Si2. For clarity we present the 
mechanisms in the unit cell of U3Si2. Nd is represented as an orange sphere. Vacancies are marked with yellow crosses. 
In Fig. A. 2 (d), orange spheres indicate all equivalent positions of interstitial Nd and gray spheres represent all the 
equivalent saddle-point positions.   
 
Appendix B. Reference binding energy for configurations in different sublattices 
 
For the mono-vacancy calculation in the U sublattice, there are two non-equivalent configurations, 
depending on whether the vacancy is in the U1 or U2 sublattice. In order to take into account the 
difference in formation energy, we need to provide a suitable energy for each configuration that 
correctly describes this difference. This is done by modifying the binding energies in the KineCluE 
code, by using the most stable configuration as a reference. In our case, a U1 vacancy having lower 
formation energy is more stable than a U2 vacancy. Therefore, we add a binding energy of -|EvacU1.f 
- EvacU2.f| to the U2 vacancy and leave the binding energy of the U1 vacancy at zero (taken therefore 
as the reference). 
 
For the vacancy-solute pair calculation, in addition to the difference in formation energy, we need to 
take the difference of solution energy into account. As it is reported in Table 3, the most stable 
substitutional site of Nd is on the U1 sublattice. Therefore, when computing the binding energies of 
vacancy-solute pairs with Eq. (17), terms 𝐸𝑡𝑜𝑡
𝑣𝑎𝑐  and 𝐸𝑡𝑜𝑡
𝑠𝑜𝑙𝑢𝑡𝑒  are fixed to the total energies of the 
supercells with a single U1 vacancy and with a single Nd on U1 sublattice, respectively. 
 
No modifications are needed for Si self-diffusion and Nd diffusion in Si sublattice because there is 
only one type of Si sublattice. 
 
Appendix C. Defect formation entropy and vibration frequencies 
 









 are the vibrational entropy of the supercell with and without defect respectively. The 
vibrational entropies were calculated according to the approach of Mishin et al. [22], which 
approximates the entropy of crystalline solids at temperatures higher than the Debye temperature as 
𝑆 = −𝑘𝐵 ∑ ln(
ℎ𝜈𝑛
𝑘𝐵𝑇
)3𝑁−3𝑛=1 + (3𝑁 − 3)𝑘𝐵                              A. (2) 
where νn are the normal vibrational frequencies of the crystal, N the number of atoms in the 
investigated supercell. Eq. (4) is the results of combining the equations above. 
         
 
Vibrational frequencies of the perfect U3Si2 supercell 𝜈𝑛
0, and of the supercell with point defects 𝜈𝑛
𝐷 
(D = VacU1, VacU2, VacSi, InterU, and InterSi) calculated using the DFPT method are provided in 
Table A.1. The vibrational frequencies of U3Si and USi are used to calculate the entropies S(U3Si) 
and S(USi), with which sSi and sU can be derived through Eqs. (5-6). 
         









 columns are the vibrational frequencies of the neighboring 
phases, U3Si and USi. 
No. Perfect VacU1 VacU2 VacSi InterSi interU U3Si USi 
1 10.9550 11.5891 11.0158 11.3715 10.4348 10.3922 8.3289 10.0402 
2 10.8455 11.4840 10.9702 11.2536 10.2182 10.3563 8.3281 9.8146 
3 10.8174 11.3232 10.8840 11.1835 10.0543 9.9638 8.3111 9.5081 
4 10.7607 11.1854 10.7396 8.4067 10.0320 9.9415 8.1185 9.3225 
5 7.9635 8.2998 8.4320 8.2528 9.8978 8.6288 8.1156 8.5211 
6 7.9395 8.2998 8.3200 8.2199 8.6659 8.6144 8.0471 8.3658 
7 7.9395 8.1774 8.3027 8.1472 8.6659 8.5945 4.1277 8.1784 
8 7.8334 8.1774 8.2015 8.0966 8.1900 8.5860 3.4360 8.1329 
9 7.8334 8.0276 8.1783 8.0362 8.1900 8.2318 3.4263 6.7468 
10 7.8084 8.0059 8.1666 7.9603 8.1160 8.2240 3.3069 6.6214 
11 7.7350 8.0059 8.0332 7.9090 8.1160 8.1396 3.2814 6.6029 
12 7.7350 7.9726 7.9396 7.8791 7.8163 8.0578 3.2753 6.4204 
13 7.7187 7.9244 7.5960 7.8396 7.7628 8.0007 3.1235 3.1801 
14 7.7187 7.9244 7.5813 7.8320 7.6799 7.9173 2.8274 2.8543 
15 7.6449 7.8740 7.4813 7.7520 7.6071 7.8649 2.8214 2.8070 
16 7.5378 7.7660 7.4296 7.6973 7.4629 7.7636 2.8184 2.7331 
17 7.4940 7.7604 7.3998 7.6425 7.4629 7.7621 2.7661 2.5937 
18 7.4600 7.7021 7.3778 7.6197 7.4134 7.7541 2.6697 2.5848 
19 7.4523 7.7021 6.9766 7.5888 7.2162 7.5747 2.6654 2.5542 
20 7.4523 7.6199 6.9168 7.4925 7.2161 7.2474 2.0024 2.4455 
21 7.4318 6.8290 6.3659 7.3202 7.2161 6.9278 0.8570 2.2824 
22 7.3649 6.7870 6.1060 3.2610 7.2080 6.8582   
23 7.3649 6.5800 6.0810 3.2237 7.1227 6.8442   
24 7.3083 6.5800 6.0483 2.9994 7.0035 6.5803   
25 3.2773 3.3684 3.2631 2.9471 7.0035 3.6874   
26 3.2456 3.1953 3.1512 2.9385 6.9651 3.5285   
27 3.2268 3.1342 3.0886 2.9245 6.9651 3.5155   
28 3.1395 3.0516 3.0029 2.8993 3.6935 3.5080   
29 3.1118 3.0516 2.8725 2.8904 3.2100 3.4367   
30 3.1118 3.0136 2.8466 2.7710 3.1872 3.3140   
31 2.9591 3.0136 2.8367 2.7002 2.9562 3.1292   
32 2.9591 2.9816 2.8345 2.6961 2.8816 3.0538   
33 2.9226 2.9597 2.7947 2.6590 2.8816 3.0144   
         
34 2.9226 2.9079 2.7498 2.6246 2.8429 2.9219   
35 2.8642 2.9079 2.7084 2.5829 2.8429 2.8623   
36 2.8533 2.7341 2.6815 2.4438 2.8393 2.8526   
37 2.8533 2.7088 2.6464 2.4001 2.7225 2.8288   
38 2.7628 2.7088 2.6187 2.3807 2.7225 2.8099   
39 2.6680 2.6346 2.3398 2.3066 2.7159 2.7587   
40 2.6680 2.6346 2.2932 2.1287 2.6652 2.7549   
41 2.6529 2.4493 2.1811 2.0979 2.6614 2.7215   
42 2.6529 2.4493 2.1671 2.0485 2.6614 2.5770   
43 2.6046 2.3456 2.1248 1.9798 2.6407 2.4898   
44 2.2489 2.1758 2.0210 1.9100 2.6407 2.4730   
45 2.2477 2.1513 1.9285 1.8415 2.6100 2.4543   
46 2.2309 2.0532 1.9075 1.7800 2.5122 2.3787   
47 2.2092 2.0532 1.7191 1.7664 2.5010 2.3654   
48 2.2092 1.8307 1.7037 1.7650 2.5010 2.2988   
49 2.2056 1.7547 1.6612 1.7052 2.2496 2.2759   
50 2.2056 1.7387 1.4138 1.5760 2.2383 2.2580   
51 2.1353 1.7387 1.3753 1.2314 2.0286 2.2324   
52 2.1353 1.3067 1.3204 1.1582 2.0286 2.1778   
53 2.0559 1.2913 1.2982 1.0400 1.9535 2.1102   
54 1.8543 1.0308 1.1901 0.8218 1.9535 2.0133   
55 1.5865    1.8921 1.9865   
56 1.4576    1.7179 1.9188   
57 1.1905    1.7179 1.9083   
58     1.6748 1.8522   
59     1.2604 1.5938   
60     1.2498 1.5607   
Product 5.2533E+34 1.1970E+33 3.1854E+31 1.7298E+30 6.3951E+36 2.6266E+36 1.2522E+12 5.2206E+14 
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